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BACKGROUND OF THE INVENTION 
10 1 . Field of the Invention 

The invention relates to electronic relays. More particularly, the invention relates to 
MOSFET based, high voltage, electronic relays for AC power switching and inductive loads. 

2. Description of the Prior Art 
15 Advances in solid-state switching and relay technology have made possible the replacement 

of many electro- mechanical switching and relay assemblies. Solid-state devices provide the power 
control systems in which they are incorporated with long life, quiet operation and other associated 
advantages. 

However, those skilled in the art will appreciate the difficulties associated with the 
20 development of electronic relays which may be used for AC power switching. Prior systems have 
exhibited shortcomings in the manner in which they provide for quick and reliable switching 
required in the management of AC power sources. 
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In addition to prior systems failing to provide for adequate switching required in the 
management of AC power sources, prior relays generally employ normally open contacts as opposed 
to the implementation of normally closed contacts. The use of normally open contacts results from 
the ready availability and ease of construction. Prior to the development of the present invention, 
5 the implementation of normally closed contacts in a solid state relay would have required the 

inclusion of additional power inputs; something generally considered undesirable due to the added 
complexity and cost of the overall relay. 

Further to the shortcomings listed above, the prior art also fails to provide a mechanism by 
which a solid state relay may be controlled by an operator in a manner overriding the automated 
10 controls of the relay. 

With this in mind, the present invention overcomes the shortcomings of the prior solid state 
devices by providing a MOSFET based, high voltage, electronic relay for AC power switching and 
inductive loads. The present invention further provides a MOSFET based, high voltage, electronic 
relay for AC power switching which incorporates normally closed contacts without the need for the 
1 5 addition of power inputs as well as an override/ bypass switch for use in conjunction with the relay 
such that a operator may selectively control operation of the relay apart from the automated controls 
of the relay. 
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SUMMARY OF THE INVENTION 
It is an object of the present invention to provide a MOSFET based, high voltage, high 
current AC electronic relay. The relay includes a MOSFET switching circuit selectively switching 
between switch conducting and switch isolation. The relay also includes a transformer coupled to 
5 the MOSFET switching circuit, the transformer selectively applies a predetermined voltage to the 
MOSFET switching circuit which establishes the MOSFET switching circuit in switch conducting. 

It is also an object of the present invention to provide a switching assembly for use in an AC 
power control system. The switching assembly includes a first MOSFET switching circuit and a 
second MOSFET switching circuit electrically connected between a first terminal and a second 
1 0 terminal, an electrical conducting member positioned between the first MOSFET switching circuit 
and the second MOSFET switching circuit. The switching assembly also includes a third MOSFET 
switching circuit electrically connected between the electrical conducting member and ground. Each 
of the first, second and third MOSFET switching circuits include first and second power MOSFETs 
and a depletion mode MOSFET. 
15 It is a further object of the present invention to provide a MOSFET switching circuit for use 

in a power control system. The switching circuit includes a first power MOSFET, a second power 
MOSFET and a depletion mode MOSFET. 

Other objects and advantages of the present invention will become apparent from the 
following detailed description when viewed in conjunction with the accompanying drawings, which 
20 set forth certain embodiments of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a schematic of a triple-pole, double throw system in accordance with the present 
invention. 

Figure 2 is a schematic of a basic MOSFET switching circuit. 

Figure 3 is a schematic of the transformer system utilized in accordance with the present 
invention. 

Figures 2a and 3a are respective schematics of an alternate switching circuit and transformer 

system. 

Figure 4 is a schematic of an AC relay block 

Figure 5 is a schematic of the AC relay block in isolation mode. 

Figure 6 is a schematic of the AC relay block with an inductive load. 

Figure 7 and 7a are schematics of prior art systems for disclosing the handling of inductive 
loads in combination with a DC power source. 

Figure 8 is a schematic showing the AC relay block when configured for inductive discharge. 

Figure 9 is a schematic of the AC relay block of Figure 4 with transformers associated 
therewith. 

Figure 10 is a schematic of a double- throw system constructed with AC relay blocks. 
Figure 11 is a schematic of a modified double- throw system constructed with AC relay 

blocks. 

Figure 12 is a schematic of an AC voltage peak detection circuit. 
Figure 13 is a schematic of an AC polarity signal circuit. 



Figure 14 show various AC voltage waveforms associated with the AC voltage peak 
detection circuit and AC polarity signal circuit. 

Figure 15 is a schematic of a two-part dual comparator system. 

Figure 16 shows various waveforms associated with the relay state condition in comparison 
to pick-up and drop-out voltages. 

Figure 17 is a flow diagram of a switching function state machine. 

Figure 18 is a schematic demonstrating the power supply for the present system. 

Figure 18a shows a schematic of an alternate power supply in accordance with the present 

system. 

Figure 19 is a perspective view of an override bypass switch in accordance with the present 
invention. 

Figure 20 is a top perspective view of the override/bypass switch shown in Figure 19. 
Figure 21 is a schematic of the override/ bypass switch circuitry. 

Figures 22-25 are schematics of different operational modes for the override/bypass switch. 

Figures 26 and 27 are schematics respectively showing a switching circuit and a transformer 
arrangement in accordance with an alternate embodiment. 

Figures 28 and 29 are schematics respectively showing a switching circuit and a transformer 
system in accordance with still a further alternate embodiment. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The detailed embodiments of the present invention are disclosed herein. It should be 
understood, however, that the disclosed embodiments are merely exemplary of the invention, which 
maybe embodied in various forms. Therefore, the details disclosed herein are not to be interpreted 
5 as limiting, but merely as the basis for the claims and as a basis for teaching one skilled in the art 
how to make and/ or use the invention. 

With reference to Figures 1 to 18, various embodiments of a MOSFET based, high voltage, 
high current AC electronic relay are disclosed in accordance with the present invention. In general, 
the relay includes a MOSFET switching circuit selectively switching between switch conducting (on) 
10 and switch isolation (off), a control/sensing circuitry and a power supply. The control/sensing 

circuitry includes first and second transformers (including transformer driving circuit!^ coupled to 
each MOSFET switching circuit, a control voltage sensing circuit linked to and controlling operation 
of the first transformer and second transformer and control logic. The first transformer selectively 
applies a predetermined first voltage to the MOSFET switching circuit which establishes the 
1 5 MOSFET switching circuit in switch conducting. The relay further includes a second transformer 
coupled to the MOSFET switching circuit. The second transformer selectively applies a 
predetermined second voltage to the MOSFET switching circuit which establishes the MOSFET 
switching circuit in switch isolation. 

Generally, the present invention provides novel techniques for handling the problems 
20 associated with switching AC power through the use of solid state devices. With this in mind, the 
present relay may be utilized in a number of possible configurations from single-pole, single- throw 
to multiple-pole, multiple-throw. In accordance with one embodiment of the present invention, and 
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as disclosed in Figure 1, the present electronic relay is applied in a three-phase relay 10 having both 
normally open 12a, 12b, 12c and normally closed 14a, 14b, 14c contacts. The disclosed three-phase 
configuration may also be referred to as a triple-pole, double- throw relay. 

In addition to generally handling the problems associated with switching AC power through 
5 the use of solid state devices, the present invention also provides for the utilization of normally 

closed contacts (or switches) without the need for additional power inputs. Normally open contacts 
are generally easy to construct and readily available for use in conjunction with solid state relays. 
However, prior systems attempting to incorporate normally closed contact into a solid state relay 
have been required to provide an additional power input. 

10 As will be described below in the various embodiments of the present invention, a small 

amount of power is gleaned from the circuit to be controlled. In the case of relays for switching 
voltages (AC or DQ in accordance with the present invention, one voltage source exists that is to be 
switched and another voltage source is identified as the "sense voltage". When there is no voltage 
on the "sense voltage" inputs, the relay is said to be in the normal condition. When a certain voltage 

15 is applied to the "sense voltage" inputs, the relay is considered activated. 

The power applied to the "sense voltage" inputs is used to power the operation of the relay. 
This is how most (if not all) solid state relays operate. The problem arises as to how one may 
power the normally closed parts of the circuit when no power exists at the sense voltage input. In 
accordance with a preferred embodiment of the present invention, and as will be discussed below in 

20 greater detail, all inputs of the relay, both switched inputs and sense inputs, are connected to 

rectifiers so that a voltage differential existing between any two input pins becomes a voltage source. 
The voltage source is used to power the relay and provide power to the normally closed contacts 
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when no power exists at the sense voltage input. This power source also allows the relay to perform 
monitoring and communication functions regardless of the condition of the sense input. 

The present system does not work when there are no voltages connected to any of the input 
pins of the relay. However, when this occurs, there is nothing to control and there is no need for 
5 the normally closed condition. As such, the inability of the relay to operate under these conditions is 
trivial. 

As is described below with reference to the various embodiments disclosed in accordance 
with the present invention, the present circuit uses various combinations of systems to provide the 
proper operating voltage for the relay from the rectified voltage. The system typically rectifies the 

10 voltage into a high- voltage capacitor and then use either shunt regulation of DC/DC conversion to 
lower the voltage to the proper operating voltage. If the voltage is too low, a step-up DC/DC 
power supply must be used. It is also contemplated that synchronous rectification maybe used so 
that high voltages do not have to be dealt with. It is further contemplated that a combination 
transformer capacitor may be used to convert the waveform direcdy from the rectifier without using 

1 5 a high voltage capacitor. The power supply is really insignificant, it is the concept of pulling power 
from the circuits under control that present invention aims to achieve. 

With reference to Figure 1, the basic configuration of a triple-pole, double- throw circuit 
utilizing the present electronic relay is disclosed. As the schematic illustrates, the electronic relay 10 
is divided into three major systems: the MOSFET switching circuitry 16 which conducts and blocks 

20 the flow of electricity, the control/sensing circuitry 18 which includes all of the analog and digital 
electronics permitting the relay to function in a desired a manner and the power supply 20 providing 
DC power to the components making up the present relay 10. As will be discussed below in greater 
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detail, the control/sensing circuitry 18 is made up of transformers and transformer driving circuitry 
22 that provides isolated gate to source voltages critical to the operation of the present relay, control 
voltage sensing circuits 24 and control logic 26 coordinating all activities of the various components 
of the control/sensing circuitry 
5 With reference to Figures 1 and 2, the triple-pole, double-throw relay 10 includes MOSFET 

switching circuitry 16 composed of a plurality of MOSFET switching circuits 28 (i.e, open and 
closed contacts 12a-c, 14a-c) selectively actuated to control the flow of electricity between opposed 
terminals. A schematic of the basic MOSFET switching circuit 28 used in accordance with a 
preferred embodiment of the present invention is disclosed with reference to Figure 2. The 

10 MOSFET switching circuit 28 includes four MOSFETs Ql, Q2, Q3, Q4. The MOSFETs are 
shown complete with their inherent diodes, gates, sources and drains. MOSFETs Ql and Q2 are 
power MOSFETs capable of sustaining large Vds (drain to source voltages) when Vgs (gate to 
source voltage) = 0V and are capable of conducting relatively large amounts of current with 
extremely low resistance and low Vds when Vgs > Threshold. MOSFETs from a number of 

1 5 manufacturers have been tested for use in accordance with the present invention. In accordance 
with a preferred embodiment of the present invention, that is, for use in conjunction with a 480V 
AC relay, 1000V MOSFETs from IXYS are used as they are available with higher current (20A or 
more) and lower resistance ratings. However, MOSFETs from other manufacturers, for example, 
On Semiconductor, International Rectifier and Harris, may be used in accordance with the present 

20 invention without departing from the spirit thereof. 

With regard to MOSFETs Q3 and Q4, they have been selected for speed, low capacitance, 
low resistance and small size. The Vds of these devices need not be over 20V and the Ids (drain to 
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source current) maybe in the mA range. MOSFETs meeting these requirements are currently 
available from numerous manufacturing sources, including, but not limited to, Vishay and Supertex. 
While specific suppliers are noted, those skilled in the art will appreciate the variety of different 
MOSFETs that maybe utilized in accordance with the present invention. 

With reference once again to Figure 2, MOSFETs Ql and Q2 are connected in a bipolar 
arrangement. Such a bipolar connection is well known in the art. MOSFETs Ql and Q2 are drain 
connected MOSFETs. Drain connected MOSFETs are utilized in accordance with a preferred 
embodiment of the present invention as they have shown positive results during initial testing. 
However, it is contemplated that source connected MOSFETs may similarly be utilized without 
departing from it the spirit of the present invention. 

In operation, the MOSFET switching circuit 28 disclosed in accordance with a preferred 
embodiment of the present invention operates in a switch conducting mode (that is, on) when 
MOSFETs Ql and Q2 conduct. MOSFETs Ql and Q2 conduct when there is a positive voltage 
applied between Gl and S1/S3 and between G2 and S2/S4. In addition, this switch conducting 
mode requires that no voltage is respectively applied between G3 and S1/S3 and between G4 and 
S2/S4. In order to ensure that Q3 and Q4 remain off, a resistor maybe connected between the gate 
and drain of MOSFETs Q3 and Q4 to eliminate any capacitively coupled charges that might build 
up from the influence of the AC power. It is also contemplated that a depletion mode MOSFET 
maybe used to assist in eliminating unwanted gate voltages on MOSFETs Q3 and Q4. 

The MOSFET switching circuit 28 operates in a circuit isolation mode (that is, the MOSFET 
switching circuit is off) when a predetermined voltage is applied to MOSFETs Q3 and Q4. 
However, turning the MOSFET switching circuit 28 off, and keeping it off, is far more difficult than 
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turning on the MOSFET switching circuit 28 as discussed above. This difficulty arises from the fact 
that MOSFETs exhibit a great deal of capacitive characteristics and AC signals may pass through 
capacitors. As a result of the capacitive nature of MOSFETs, a positive charge can be coupled to 
the gate in relationship with the source node. When this occurs, the MOSFET briefly turns on. A 
MOSFET circuit that can conduct DC voltage in two directions may, therefore, not be suited for 
switching AC power. 

With this in mind, the present MOSFET switching circuit has been developed in an effort to 
ensure that the switch accurately is turned off, and remains off. In accordance with the disclosed 
MOSFET switching circuit 28, MOSFETs Ql and Q2 block the passage of electricity when Vgs = 
0. To ensure that Vgsi = 0 and VgS2 = 0, the device providing a voltage to Gl and G2 is turned off 
and voltage is applied to G4 (in relationship to S2/S4) and applied to G3 (in relationship to S1/S3). 
By positively biasing the Vgs voltage of MOSFETs Q3 and Q4 a low resistance is established 
between the gate and source of MOSFETs Ql and Q2 (typically less than 10 ohms). If any parasitic 
charge is coupled to Gl and/ or G2, it is quickly dissipated by a low resistance connection provided 
by MOSFETs Q3 and Q4, and the switch remains off. 

It should be understood that there is no relationship between the voltage on Gl and the 
voltage on G2. In addition, no relationship exists between these voltages and the ground potential. 
When both MOSFETs Ql and Q2 are conducting, the voltages on Gl and G2 will be very close but 
separated by a voltage equal to the current through MOSFETs Ql and Q2 times the combined 
resistance of the MOSFETs. Further, when MOSFETs Ql and Q2 are conducting AC power, the 
voltage on Gl and the voltage on G2 will be some small DC voltage above the AC voltage, but 
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exactly in phase with that voltage. Such an arrangement is necessary because the gate voltage must 
be greater than the source voltage at all times for the MOSFETs to conduct electricity. 

Similarly, the voltage on G3 must be referenced only to S1/S3 and likewise the voltage at G4 
must be referenced only to S2/S4. When the MOSFET switching circuit 28 is not conducting, the 
5 S1/S3 node maybe at AC potential, and, therefore, G3 must be at a constant voltage above AC, 
while S2/S4 maybe at ground potential with G3 at a voltage above ground (OV). 

As mentioned above, the present relay utilizes a specific transformer arrangement 22 to 
control the MOSFET switching circuits 28 employed in accordance with a preferred embodiment of 
the present invention. Generally, each MOSFET switching circuit 28 is controlled by two distinct 

10 power sources. In order to maintain the unique voltage relationships required by the MOSFET 

switching circuit 28 described above, the voltage source must be isolated from all other voltages. In 
accordance with a preferred embodiment of the present invention, a pair of transformers 30, 32 is 
utilized in applying the required isolated voltages to the MOSFET switching circuit 28. That is, 
transformer coupled power is utilized to provide the isolated voltages required in operating the 

1 5 MOSFET switching circuit 28 described above. It is further contemplated that a battery or charged 
capacitor maybe used in accordance with the present MOSFET switching circuit, and the voltage 
maybe applied or removed from the gate using optical isolation. Other similar isolated power 
sources may also be used without departing from the spirit of the present invention. 

Figure 3 discloses a preferred transformer arrangement 22 for powering the MOSFET 

20 switching circuit 28 depicted in Figure 2. As shown in Figure 3, the first transformer 30 includes a 
primary winding 34 connected to an AC driving circuit 36, a first secondary winding 38 and a second 
secondary winding 40. Each of the first and second secondary windings 38, 40 is connected to a full 
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bridge rectifier 42, 44 with capacitors 46, 48 on the rectifier outputs. These rectified outputs are 
labeled with reference to their relationship to the gates and sources of MOSFETs Ql and Q2. 
When an AC source is applied to the first transformer 30, positive voltage is quickly produced on 
each gate relative to its source. The transformer arrangement 22 also includes capacitors 46, 48 
5 which add stability to the power MOSFETs Ql and Q2 and helps limit the problems associated with 
parasitic charges. 

The second transformer 32 is similarly configured for MOSFETs Q3 and Q4. As such, the 
second transformer 32 includes a primary winding 50 connected to an AC driving circuit 52, a first 
secondary winding 54 and a second secondary winding 56. Each of the first and second secondary 

10 windings 54, 56 is connected to a full bridge rectifier 58, 60. The rectified outputs are labeled with 
reference to their relationship to the gates and sources of MOSFETs Q3 and Q4. As such, when an 
AC source is applied to the second transformer 32, positive voltage is quickly produced on each gate 
relative to its source. This positive voltage turns of the MOSFET switching circuit 28, and keeps the 
MOSFET switching circuit 28 off. 

1 5 In use, when the first transformer 30 is turned off and the second transformer 32 is turned 

on, the gates of MOSFETs Q3 and Q4 chaige rapidly, since there is little capacitance. When the 
gates are sufficiendy charged, MOSFETs Q3 and Q4 discharge the Vgs voltage of Ql and Q2, 
turning the main power of the MOSFET switching circuit 28 off and holding it off by providing a 
low resistance between the gate and source of MOSFETs Ql and Q2. MOSFETs Q3 and Q4 are 

20 less susceptible to capacitive parasitics and so did not require additional capacitance to protect them 
from such effects. Since MOSFETs Q3 and Q4 have much lower capacitance, the gate charge will 
drain quickly when the second transformer 32 is turned off. In addition, system efficiency may be 
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improved by providing MOSFETs Q3 and Q4 with high resistance at their respective gate to source 
resistors. 

Operation of the disclosed transformer system 22 is enhanced by the provision of respective 
resistors 62,.64 between the first and second rectifiers 42, 44 and their respective capacitors 46, 48. 
5 The provision of a resistor 62, 64 between the first and second rectifiers 42, 44 enhances operation 
by limiting current flow while MOSFETs Q3 and Q4 are turning off. Because the MOSFETs only 
require power while switching (enough current to charge or discharge the gates), the power delivered 
by the transformers 30, 32 can be small. For example, the inventor has used a 5 V CMOS circuit as a 
driver for the transformers. This minimal current requirement makes electronic relay design even 

1 0 more power efficient. 

Transformer coupled power is utilized in accordance with a preferred embodiment of the 
present invention as transformer coupling reacts relatively rapidly and is also relatively efficient. 
Also, transformer coupling allows for the grouping of functions while maintaining proper isolation. 
For example, Gl and G2 can both be driven by secondary windings 38, 40 of the same first 

15 transformer 30. Similarly, G3 and G4 are driven by secondary windings 54, 56 of the same second 
transformer 32. Transformer couplings can easily provide 1500V of isolation while quickly and 
efficiendy coupling power so that no storage device is needed. In fact, the use of isolated power 
sources in accordance with the present invention, allows for response time in the range of 
nanoseconds. It is contemplated that the ability of the present circuits to offer fast switching makes 

20 them highly appropriate for use in the manufacture of electronic circuit breakers. 

It is anticipated the basic circuit can be implemented using a photovoltaic device (such as the 
Qare FDA215 or the Vishay LH1262C photovoltaic drivers) to drive the MOSFETs instead of the 



transformer coupled system. However, it should be appreciated that the transformer coupled circuit 
substantially improves (reduces) the switching time of the photovoltaic driven system. 

The embodiment described with reference to Figures 2 and 3 maybe replaced with the three 
MOSFET system disclosed with reference to Figures 2a and 3a. In accordance with this 
5 embodiment, first and second power MOSFETs Ql, Q2 and a small signal MOSFET Q3 are 

employed in the construction of a switching circuit 28a. The first and second power MOSFETs Ql, 
Q2 are connected to terminal 1 and terminal 2, as well as to each other via their source nodes. 
When connecting the first and second power MOSFETS Ql, Q2 by their source nodes in this way, 
only one small signal MOSFET Q3 is required to remove the voltage from the gates of the first and 
10 second power MOSFETS Ql, Q2. 

This functions to simplify the overall system without altering the switching theory as 
described above. To cause the first and second power MOSFETs Ql, Q2 to conduct, transformer 1 
(not shown) outputs into the rectifiers 42a, 44a causing a voltage to be placed on the gates of the 
first and second power MOSFETs Ql, Q2 relative to the common source, while transformer 2 (not 
1 5 shown) is off. As such, no voltage exists on the gate of the small signal MOSFET Q3. 

To turn off the first and second power MOSFETs Ql, Q2, transformer 1 is no longer 
driven but transformer 2 is driven. This causes a voltage on the gate of the small signal MOSFET 
Q3 so that the voltage on the gates of the first and second power MOSFETs Ql and Q2 is quickly 
dissipated. 

20 As discussed above and as those skilled in the art will certainly appreciate, the circuitry 

described above provides for the application of normally closed contacts 14a, 14b, 14c without the 
need for additional power inputs. The present arrangement achieves this by utilizing the power 
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generated by the power supply 20 of the control/sensing circuitry 18 to power the normally closed 
contacts 14a, 14b, 14c when no power is supplied via the "sense voltage" input. 

More specifically, a small amount of power is gleaned from the control/sensing circuitry 18. 
All inputs of the relay 10, both switched inputs and sense inputs, are connected to rectifiers 42, 44, 
58, 60 so that a voltage differential existing between any two input pins becomes a voltage source. 
The voltage source is used to power the relay 10 and provide power to the normally closed contacts 
14a, 14b, 14c when no power exists at the sense voltage input. This power supply 20 also allows the 
relay 10 to perform monitoring and communication functions regardless of the condition of the 
sense input. 

In accordance with a further embodiment of the present invention, the MOSFET switching 
circuits 28, as well as the transformer assembly 22 discussed above, maybe combined to provide for 
improved power handling and isolation. Specifically, and with reference to Figure 4, three of the 
MOSFET switching circuits 28 described above are combined to produce an AC relay block 66 
adapted for functioning as an AC power control system. As will be better appreciated based upon 
the following discussion, each AC relay block 66 is well suited for controlling the flow of electricity 
therethrough and may consequendy be used in various power control applications (e.g., power 
control with inductive loads, multiple-pole/ multiple throw systems, etc.). 

Generally, a first MOSFET block 28' (composed of the MOSFET switching circuit 28 
described above with reference to Figure 2) and a second MOSFET block 28"(composed of the 
MOSFET switching circuit 28 described above with reference to Figure 2) are electrically connected 
in series between a first terminal 68 and a second terminal 70. An electrical connection member 72 
connects the first MOSFET block 28' and the second MOSFET block 28", and a third MOSFET 
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block 28'" (composed of the MOSFET switching circuit 28 described above with reference to 
Figure 2) extends between the electrical connection member 72 and ground 74. 

This system is designed to allow power to flow from a first terminal 68 to a second terminal 
70 in either direction by turning on the first and second MOSFET blocks 28', 28", and turning off 
the third MOSFET block 28"'. In this mode, AC or DC power can flow from a source at the first 
terminal 68 to a load at the second terminal 70 or in the reverse direction from a source at the 
second terminal 70 to a load at the first terminal 68. 

The MOSFET blocks 28', 28", 28'" behave as variable resistors, and operation of the 
disclosed AC relay blocks 28', 28", 28"' maybe explained in terms of resistance. In the conduction 
mode with the first and second MOSFET blocks 28', 28" turned on, the first MOSFET block 28' 
and the second MOSFET block 28" have low resistance (less then 1 ohm, typically less then 1/10 
ohm) and the third MOSFET block 28"' has high resistance (above 10 Meg Ohm, possibly as high 
as 100 Meg Ohm). 

With reference to Figure 5, the purpose of the third MOSFET block 28"' is best appreciated 
when one considers operation of the AC relay block 66 in isolation mode. Specifically, when power 
must be isolated from the load, that is, when the AC relay block enters isolation mode, the first 
MOSFET block 28' and the second MOSFET block 28" are turned off and the third MOSFET 
block 28"' is turned on. When the AC relay block 66 is placed in isolation mode as described above, 
the first and second MOSFET blocks 28', 28" are considered to behave like high value resistors 
(greater then 10 Meg Ohm each) and the third MOSFET block 28"' behaves like a low value resistor 
(less than 1 ohm). As such, when the AC relay block 66 is in isolation mode it behaves in the 
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manner shown in Figure 5, with the third MOSFET block 28'" serving the purpose of a grounding 
circuit. 

The inclusion of such a grounding circuit in isolation mode is necessary for many 
applications since the MOSFETs behave as variable resistors and not as actual switches providing an 
actual electrical gap. If the circuit consisted of only the first and second MOSFET blocks, although 
there would be a great deal of resistance between and the first terminal and the second terminal, 
there would still be a current path. If a load were small, or if the load terminal had no-load 
connected, a voltage would still be measured on the load terminal even when the MOSFET blocks 
were in isolation mode. By adding the third MOSFET block as a grounding circuit, such a problem 
is completely eliminated and a safer relay is produced. 

With reference to Figure 6, the AC relay block 66 disclosed in Figure 4 is described with an 
inductive load 76 connected thereto. The problem with inductive loads is the inductive discharge 
caused by the changes in current through the inductor. When an inductive load is utilized in DC 
systems, the inductive discharge caused by the change in current of the inductor is commonly dealt 
with through the use of a diode in parallel with the inductive load. Such an arrangement is shown in 
Figures 7 and 7a. In order for the simple circuit solution shown in Figures 7 and 7a to be effective, 
however, the polarity of the power and the direction of the current through the inductor must be 
known. As such, the utilization of the diode, as with the DC system disclosed in Figures 7 and 7a, is 
not practical when an AC power source is applied. Specifically, when an AC power source is 
applied, the direction of the current through the coil (polarity of the voltage) when the system 
changes from conduction mode to isolation mode cannot be predicted. Furthermore, when multi- 
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phase AC power is being controlled, it is difficult, if not impossible, to select when in the AC cycle 
each phase is to be switched. It is also desirably to switch all phases simultaneously. 

In accordance with a preferred embodiment of the present invention, the AC relay block 66 
disclosed in Figure 4 is very capable of handling an inductive load 76. With reference to Figure 6, 
and in accordance with a preferred embodiment of the present invention, the inductive load 76 is 
connected to the first terminal 68 and the AC power source 78 is connected to the second terminal 
70. The function of this circuit is now described by way of example. Specifically, when the system 
is in conduction mode, the first MOSFET block 28' and the second MOSFET block 28" are in 
conducting mode (on) and the third MOSFET block 28"' is in non-conducting mode (off). When 
the AC power is removed, and it is necessary to provide the inductive discharge with a path to 
ground, the second MOSFET block 28" is placed in non-conducting mode (off) and the third 
MOSFET block 28"' is placed in conducting mode (on). Referring to Figure 8, this permits the 
inductive discharge to discharge to ground 74 without an excess of voltage being created. After the 
inductive discharge is completed, the system is switched to isolation mode (with the first and second 
MOSFET blocks 28', 28" off and the third MOSFET block 28'" on). In fact, the inductive 
discharge mode is actually a modified isolation mode. 

With reference to Figure 9, the AC relay block 66 of Figure 4 is disclosed in conjunction 
with the transformers and transformer driving circuitry discussed above. As discussed above, and in 
accordance with a preferred embodiment of the present invention, the transformers and transformer 
driver circuitry form part of the control/sensing circuitry 18. The control/sensing circuitry 18 
includes all of the analog and digital electronics allowing the AC relay block 66 to function. In 
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addition to the transformers and the transformer driving circuitry 22, the control/sensing circuitry 
18 includes control voltage sensing circuits 24 and control logic 26. 

Once again with reference to Figure 9, the transformers and the transformer driving circuitry 
provide the isolated gate to source voltages (Vgs) critical to the operation of the present AC relay 
5 block 66. In accordance with a preferred embodiment of the present invention, each MOSFET 
switching circuit 28', 28", 28'" making up the AC relay block 66 is provided with an exclusive 
transformer set 22', 22", 22"' including a set of two exclusively operating transformers. As such, 
three sets of transformers (6 transformers total) are required for operation of the AC relay block 66 
disclosed with reference to Figure 4. 

10 Specifically, the first MOSFET block 28', i.e., MOSFET switching circuit, is electrically 

coupled to first and second transformers 30', 32'. The first transformer 30' includes a primary 
winding 34' connected to an AC driving circuit 36', a first secondary winding 38' and a second 
secondary winding 40'. Each of the first and second secondary windings 38', 40' is connected to a 
full bridge rectifier 42', 44' with capacitors 46', 48' on the rectifier outputs. These rectified outputs 

1 5 are labeled with reference to their relationship to the gates of MOSFETs Ql and Q2 of the first 
MOSFET block 28'. When an AC source is applied to the first transformer 30', its positive voltage 
is quickly produced on each gate relative to its source. The second transformer 32' is similarly 
configured for MOSFETs Q3 and Q4 of the first MOSFET block 28'. As such, the second 
transformer 32' includes a primary winding 50' connected to an AC driving circuit 52' a first 

20 secondary winding 54' and a second secondary winding 56'. Each of the first and second secondary 
windings 54', 56' is connected to a full bridge rectifier 58', 60'. These rectified outputs are labeled 
with reference to their relationship to the gates of MOSFETs Q3 and Q4 of the first MOSFET 
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block 28'. As such, when an AC source is applied to the second transformer 32', positive voltage is 
quickly produced on each gate relative to its source. Use of the transformer assembly 22' in driving 
the first MOSFET block 28' is described above. 

Similarly, the second MOSFET block 28" is electrically coupled to third and fourth 
5 transformers 30", 32". The third transformer 30" includes a primary winding 34" connected to an 
AC driving circuit 36", a first secondary winding 38" and a second secondary winding 40". Each of 
the first and second secondary windings 38", 40" is connected to a full bridge rectifier 42", 44" with 
capacitors 46", 48" on the rectifier outputs. These rectified outputs are labeled with reference to 
their relationship to the gates of MOSFETs Ql and Q2 of the second MOSFET block 28". When 

10 an AC source is applied to the third transformer 30", its positive voltage is quickly produced on each 
gate relative to its source. The fourth transformer 32" is similarly configured for MOSFETs Q3 and 
Q4 of the second MOSFET block 28". As such, the fourth transformer 32" includes a primary 
winding 50" connected to an AC driving circuit 52", a first secondary winding 54" and a second 
secondary winding 56". Each of the first and second secondary windings 54", 56" is connected to a 

1 5 full bridge rectifier 58", 60". These rectified outputs are labeled with reference to their relationship 
to the gates of the second MOSFETs Q3 and Q4 of the second MOSFET block 28". As such, 
when an AC source is applied to the fourth transformer 32", positive voltage is quickly produced on 
each gate relative to its source. 

The third MOSFET block 28'" is electrically coupled to fifth and sixth transformers 30'", 

20 32"'. The fifth transformer 30"' includes a primary winding 34"' connected to an AC driving circuit 
36"', a first secondary winding 38"' and a second secondary winding 40"'. Each of the first and 
second secondary windings 38"', 40"' is connected to a full bridge rectifier 42"', 44"' with capacitors 
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46"', 48'" on the rectifier outputs. These rectified outputs are labeled with reference to then- 
relationship to the gates of the MOSFETs Ql and Q2 of the third MOSFET block 28"'. When an 
AC source is applied to the fifth transformer 30'", its positive voltage is quickly produced on each 
gate relative to its source. The sixth transformer 32'" is similarly configured for MOSFETs Q3 and 
Q4 of the third MOSFET block 28"'. As such, the sixth transformer 32"' includes a primary 
winding connected to an AC driving circuit 52"', a first secondary winding 54"' and a second 
secondary winding 56"'. Each of the first and second secondary windings 54"', 56"' is connected to 
a full bridge rectifier 58"', 60"'. These rectified outputs are labeled with reference to their 
relationship to the gates of the MOSFETs Q3 and Q4 of the third MOSFET block 28"'. As such, 
when an AC source is applied to the sixth transformer 32"', positive voltage is quickly produced on 
each gate relative to its source. 

It is contemplated that multiple AC relay blocks may be operated in parallel for multi- phase 
control using only six transformers with multiple windings. For example, and considering a three- 
phase system (triple- pole, single- throw) it is contemplated that six transformers with six secondary 
windings each maybe utilized. In accordance with a preferred embodiment of the present 
invention, toroid-core transformers operating at 3 MHz with a CMOS driving circuit are utilized. 
However, those skilled in the art will appreciate that other core configurations, frequencies, and 
driving circuits would similarly function and maybe utilized without departing from the spirit of the 
present invention. 

If one were to construct a system utilizing the present AC relay blocks in a double- throw 
arrangement, two parallel AC relay blocks 66', 66" could be utilized as shown in Figure 10. Such a 
system requires twice as many transformers to ensure that each side of the system is capable of 
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handling inductive discharge and complete AC power isolation. The double- throw arrangement 
disclosed in Figure 10 employs first and second AC relay blocks 66', 66" connected in parallel so as 
to handle to separate power sources (one connected to the first terminal 80 and one connected to 
the second terminal 82) as well as a single load (connected to the common terminal 84). Similarly, 
5 the system disclosed with reference to Figure 10 may handle two loads (one connected to the first 
terminal 80 and one connected to the second terminal 82) with a single power source connected to 
the common terminal 84. 

In use, the double- throw circuit utilizing parallel AC relay blocks 66', 66" as disclosed in 
Figure 10 requires that the inductive discharge of either the first or second AC relay block 66', 66" 

10 be dissipated before the other AC relay block is allowed to turn on. The control logic 26 must also 
be provided with information as to which side (common or normally open/ normally closed) has the 
load(s) attached thereto, since the inductive discharge is a function of the load and must be properly 
handled to avoid damaging the overall system. If the control logic 26 were to attempt to ground 
inductive discharge on the power side of the AC relay block 66', 66", the power would be shorted to 

1 5 ground. As such, the present system requires that the AC relay block 66', 66" be connected with 

load on the properly marked side or that a configuration switch be utilize so as to selectively indicate 
that the AC relay block 66', 66" is connected. However, it is contemplated that the determination as 
to which side the load is connected may be determined through the use of automatic detection 
means, and such automatic detection means would certainly fall within the spirit of the present 

20 invention. 

An alternate embodiment of a double- throw system utilizing the present AC relay blocks 
discussed above is shown in Figure 11. This modified double- throw system 86 includes a first 
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MOSFET block 128 (composed of the MOSFET switching circuit 28 described above with 
reference to Figure 2) and a second MOSFET block 228 (composed of the MOSFET switching 
circuit 28 described above with reference to Figure 2) electrically connected in series between a 
common terminal 88 and a first terminal 90. An electrical connection member 92 connects the first 
5 MOSFET block 128 and the second MOSFET block 228, and a third MOSFET block 328 
(composed of the MOSFET switching circuit 28 described above with reference to Figure 2) 
extends between the electrical connection member 92 and ground 94. The double-throw 
functionality of this modified double- throw system 86 is provided by the inclusion of a fourth 
MOSFET block 428 (composed of the MOSFET switching circuit 428 described above with 
10 reference to Figure 2) extending between the electrical connection member 92 and a second terminal 
94. 

In general, this modified double- throw system 86 combines the common terminal and 
ground branches of the first and second AC relay blocks utilized in the double- throw system 
disclosed with reference to Figure 10. This eliminates some of the MOSFETs and transformers 

1 5 required where a double- throw circuit is implemented as disclosed above with reference to Figure 
10. Specifically, the modified double- throw system utilizing the present AC relay blocks requires 
four fewer power MOSFETs, four fewer switching MOSFETs, and four fewer transformers. While 
the modified double- throw system disclosed with reference to Figure 11 requires fewer MOSFETs 
and transformers, it is contemplated that this modified double-throw system would be able to handle 

20 much less voltage differential when using MOSFETs similar to those utilized with reference to the 
double- throw system employing parallel AC relay blocks as disclosed with reference to Figure 10. 
As such, if one wishes to design the modified double- throw system to handle the same voltage 
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differentials as the parallel AC relay block double- throw system of Figure 10, the modified double- 
throw system would require MOSFETs having doubled the voltage rating of those used in the 
parallel AC relay block double- throw system. 

The parallel double- throw circuit described above with reference to Figure 10 offers many 
advantages over prior double-throw circuits. Specifically, the present double-throw circuit offers 
greater voltage isolation between two different power sources or between power sources which are 
out of phase, more control over inductive discharge and the ability to switch between two loads 
faster than previously possible (that is, one load may be inductively discharged while the other load 
is powering up). 

In addition to including the transformers and transformer driving circuitry 22, the 
control/sensing circuitry 18 includes control voltage sensing circuit 24. The control voltage sensing 
circuit 24 senses the control voltage to determine when the various MOSFETs making up the relay 
should be switched on or off. In prior art electro- mechanical relay systems, this function is 
accomplished by the pick-up and drop-out characteristics of the relay system coil. In electronic relay 
systems such as the present MOSFET based electronic relay, the pick-up and drop-out 
characteristics of the coil must be emulated. 

It is currently known to use RMS to DC conversion integrated circuits for the purpose of 
emulating the pick-up or drop-out characteristics of the coil. Similarly, a simple method of rectifying 
the AC into a capacitor is well known in the prior art for emulating the pick-up or drop-out 
characteristics of the coil. However, each of these techniques requires several AC cycles to settle or 
reach a steady state output. Unfortunately, the present relay requires quicker response and waiting 
several AC cycles to reach a steady state output is unacceptable. 
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In an effort to reach a steady state output over a single AC cycle, the present invention 
utilizes a combination of a digital state machine, digital data traps and analog comparators. For each 
desired voltage level, two comparators are used. As shown in Figure 12, a first comparator 96 
measures the voltage peak during the positive half cycle of the AC cycle and the second comparator 
5 98 measures the voltage peak during the negative half of the AC cycle. The first and second 

comparators 96, 98 receive the scaled AC voltage (a voltage scaled by the resistor divider network 
93) as inputs to be compared to a positive reference and a negative reference, respectively. The 
positive reference and negative reference are of equal magnitude, but opposite polarity. Both the 
first and second comparators output high- voltage when the magnitude of the AC voltage exceeds 

10 the predetermined threshold (which is selectively established by operators of the present system). 
Each of the first and second comparators 96, 98 forces a "set" condition in its respective flip-flop 
97, 99 (the set condition being +Th 101 and -Th 103). That is, when either the first or second 
comparators 96, 98 sense a voltage of greater magnitude than the threshold value, the comparator 
output goes high, causing a clock event on the flip-flop 97, 99. The flip-flop 97, 99 then registers 

1 5 the logical " 1 " set by the connection of the data input to VCC The flip flops 97, 99 in this 

configuration amount to a digital "trap". That is, a device that traps and holds the data until needed. 

The respective positive indicator 100 or negative indicator 102 employed by the first and 
second comparators 96, 98 of the control voltage sensing circuit 24 remain true until reset by a 
polarity detection circuit 104 as shown in Figure 13. Operation of the polarity detection circuit 104 

20 requires the inclusion of a clock 107 that must be run at greater than 120 Hz for 60 Hz power 
(although other operating speeds are contemplated in accordance with other applications). In 
utilizing such a polarity detection circuit 104, it is contemplated that it maybe necessary to place 
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voltage limiters and analog or digital filters on the +Th 101 and -Th 103 signals before they reach 
the respective flip-flops of the first and second comparators 96, 98 in order to ensure proper 
transient conditions. The positive indicator 100 and negative indicator 102 signals are combined by 
a logical OR to produce a function output signal 105. This signal represents the combined AC 
5 threshold and reacts within one AC cycle of threshold crossing. The timing waveforms of the AC 
power input and the various signals described above and illustrated with reference to Figures 12 and 
13 are shown in Figure 14. It is further contemplated that the outputs of the first and second 
comparators (+Th and -Th) or the positive indicator or negative indicator signals may be input into 
a digital state machine or microprocessor to allow faster response (for example, X A AC cycle) and to 

1 0 allow more detailed control functions . 

In order to complete the relay function, a pick-up voltage and a drop-out voltage must both 
be accounted for. The dual comparator circuit 95 (i.e., first and second comparators 96, 98, as well 
as the first and second flip flops 97, 99) described above serves to detect one voltage level. Where a 
system includes a distinct pick-up voltage and a distinct drop-out voltage, two such dual comparator 

1 5 circuits must be used and compared for proper operation. Such a two-part dual comparator system 
106 for use in accordance with a preferred embodiment of the present invention is disclosed in 
Figure 15. Specifically, Figure 15 illustrates the combination of two dual comparator circuits 95', 
95" to produce both a pick-up function and a drop-out function as required in certain applications 
of the present invention. The respective pick-up voltage sensor first block (i.e., first dual 

20 comparator circuit 95') and drop-out voltage sensor second block (i.e., second dual comparator 

circuit 95") both contain the same dual comparator circuitry shown in Figure 12. In addition, both 
the first block 95' and the second block 95" include either a logical OR gate or a state machine as 
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described previously to produce the proper pick-up or drop-out functions. The only difference 
between the dual comparator circuits shown in Figure 15 and those previously described with 
reference to Figures 12 and 13 are the resistor divider networks (Rl and R2, R3 and R4) that serve 
to select the voltage threshold. The AC polarity signal circuit 104, the same as illustrated in Figure 
13, produces the negative reset and positive reset signals that are shared with all control voltage 
sensing circuits on that particular AC line. 

As those skilled in the art will certainly appreciate, a system may be built with numerous 
pick-up and drop-out voltage levels as selected by the user. All of the of voltage sensing circuits 
discussed above share positive and negative reference voltages as well as positive and negative reset 
signals. 

In addition to the transformers, a transformer driving circuitry 22 and control voltage 
sensing circuits 24, the control/sensing circuitry 18 includes control logic 26. The control logic 26 
coordinates all of the activities of the various components of the present relay (whether it is 
composed of one AC relay block or MOSFET switching circuit or multiple AC relay blocks or 
MOSFET switching circuits) and performs critical timing of functions. 

The first function of the control logic 26 is to determine when the relay should be on or off. 
In electro- mechanical relays the pick-up voltage is higher than the drop-out voltage. This is a result 
of the physics of the coil/ actuator assembly and offers the advantage of providing the relay with 
hysteresis that eliminates unstable behavior. In order to emulate this function as provided in electro- 
mechanical relays, solid state relays such as the present relay must utilize a state machine to provide 
the proper control outputs. 
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Referring to Figure 16, the relationship between the relay condition and the pick-up and 
drop-out voltages is disclosed. Specifically, the relay is to remain off until the AC voltage reaches 
the pick-up threshold. Once the pick-up threshold is reached, the relay is to turn on and will not 
turn off until the AC voltage drops below the drop-out threshold. Since the condition of the relay 
5 depends on whether the pick-up threshold has been reached, a state machine or a microprocessor 
function is required. In accordance with a preferred embodiment of the present invention, a simple 
three-state state machine is utilized. In accordance with a preferred embodiment, the state machine 
is realized in programmable logic to perform the control switching function. The logic for such a 
state machine is disclosed with reference to Figure 17. As those skilled in the art will certainly 

10 appreciate, the state machine may be realized in a microprocessor, in discreet logic, in an ASIC, or 
by other methods without departing from the spirit of the present invention. 

In addition to determining when the relay should be turned on or off, the control logic 26 
monitors and controls the timing of the switching of various blocks, for example, the AC relay block 
described above with reference to Figure 4, making up the relay. When the electronic relay is off, 

1 5 some of the isolation transformers may remain on, forcing some of the MOSFETs to conduct. If 
the relay is a normally- open/ normally-closed relay (i.e., a double- throw rela^, one AC relay block 
will be conducting while the other is off. The AC relay block that is not conducting will have its 
third MOSFET block conducting to ground, requiring that the related transformer be on. In either 
condition, normal or operating, half of the isolation transformers will always be operating. The 

20 control logic is responsible for handling and maintaining this requirement. 

The control logic 26 is also responsible for the sequence in which the transformers and 
MOSFETs are switched. For example, in a conducting AC relay block that is turned off, the first or 
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second MOSFET block of the AC relay block (that is, the arm connecting to the AC power) must 
be off before the vertical third MOSFET block of the AC relay block begins conducting. This is 
necessary in order to perform inductive discharge. The inductive discharge must be complete and 
the horizontal first or second MOSFET block of the AC relay block that connects to the load must 
be turned off before the second AC relay block may be turned on. 

Further, where the AC relay block has been off and is now being turned on, the third 
MOSFET block (that is, the MOSFET block connecting to ground) must cease conducting before 
the first or second MOSFET blocks begin conducting. The control logic handles the timing and 
sequencing ensuring that these functions operate in the proper order and at the proper time. 

In accordance with a preferred embodiment of the present invention, a programmable logic 
device manufactured by Altera Corporation is being utilized to perform these control functions. 
However, those skilled in the art will appreciate that other programmable logic devices or a 
programmed microprocessor maybe utilized in the performance of this function without departing 
from the spirit of the present invention. 

It is further contemplated that a current sensing resistor maybe added to the third MOSFET 
block of the AC relay block and connected to an operational amplifier and analog comparator to 
determine whether the inductive discharge has completed. 

As previously discussed above, the system requires a power supply 20 for use in energizing 
all the components utilized in accordance with the present invention. The power supply 20 in 
accordance with the present invention utilizes off-the-shelf technology with the exception of the 
diode 106 connected to all AC sources 108 so as to allow the relay and control logic 26 to maintain 
power when any of the connected AC sources have power. Figure 18 shows a single diode 106 per 
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power input connected for a double- throw combination of AC relay blocks 166, 266 in accordance 
with the present invention and the related sensed input. Half- wave and full- wave rectifiers may also 
be used to perform this function. The use of diodes and rectifiers allows for power if any input has 
power, without permitting voltage to cross from one terminal to any of the others. Referring to 
5 Figure 18a, power may also be provided with an AC sense input using similar diodes. 

Operation of the switching circuits, or relays, disclosed above in accordance with the various 
embodiments of the present invention is enhanced by the provision of an override/ bypass switch 
510 as disclosed with reference to Figures 19 to 25. The switch 510 is designed for use in 
controlling operation of a relay 511 composed of a MOSFET based, high voltage, high current AC 

1 0 electronic relay block 566, although those skilled in the art may appreciate other uses within the 
scope of the present invention. The override/ bypass switch 510 allows an operator to easily 
disconnect a relay block 511 or to force the relay 511 to operate either locked in the "normal" 
configuration (see Figure 23) or locked in the energized configuration (see Figure 24). 

In accordance with a preferred embodiment of the present invention, the override/bypass 

15 switch 510 includes two components; a key connector 512 (we call it a bypass "key in some 
applications), which can be removed and repositioned, and a receptacle connector 514 on the 
override/bypass switch PCB. Briefly, the function of the override/bypass switch 510, and ultimately 
the relay 511 itself, is determined by the positioning of the key connector 512 within the receptacle 
connector 514. Functioning of the override/bypass switch 510 is also determined by the status of 

20 the contacts 516, 518, 520, 522, 524, 526 to which the key connector 512 it is connected. For 

example, where the override/bypass switch 510 is connected to a normally closed relay block 566 (as 
is the case in the embodiment disclosed in accordance with a preferred embodiment of the present 
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invention), the normal mode (see Figure 23) will lock the relay 51 1 in a closed configuration. In 
contrast, if the override/bypass switch were utilized in conjunction with a normally open relay block, 
the normal mode would lock the relay in an open configuration. As such, the present disclosure 
relating to the operation of the override/ bypass switch is not limited to applications with only 
normally closed relays or with the single pole double throw relay shown below in describing the 
present override/bypass switch, and those skilled in the arc will most certainly appreciate potential 
variations residing within the scope of the present invention. 

Briefly, if the key connector 512 is not installed, all terminals are disconnected (see figure 
25). If the key connector 512 is installed in the center position ("AUTO"), the relay 511 is in 
automatic operating mode and is enabled to perform its normal functions (see Figure 22). If the key 
connector 512 is installed to a first side, the relay 511 is locked in "normal" mode (see Figure 23). 
And if the key connector 512 is installed toward a second side, opposite the first side, the relay 511 is 
locked in "energized" mode (see Figure 24). 

With this in mind, the receptacle connector 514 is provided with a plurality of contact points 
516, 518, 520, 522, 524, 526 for engagement by the coupling members 530, 532 of the key connector 
512. As is best shown in Figure 20, the coupling members 530, 532 of the key connector 512 are 
utilized for selectively connecting various contacts 516, 518, 520, 522, 524, 526 provided within the 
receptacle connector 514. More specifically, the receptacle connector 514 is provided with a 
plurality of contacts 516, 518, 520, 522, 524, 526 for selective engagement with the key connector 
512. The contacts 516, 518, 520, 522, 524, 526 include first and second common contacts 516, 526 
connecting to a common terminal 534, first and second relay block contacts 520, 522 connecting to 
the relay block 566, a normally closed contact 518 coupled to a normally closed terminal 536 and a 
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normally open contact 524 coupled to a normally open terminal 538. The key connector 512 is 
selectively positioned within the receptacle connector 514 for placing the relay 511 in an automatic 
mode, a normal mode or an energized mode. The interaction between the key connector 512 and 
the various contacts 516, 518, 520, 522, 524, 526 allows the operator to selectively connect the 
5 normally closed (NQ terminal 536, the normally open (NO) terminal 538, and the common terminal 
534in a variety of ways controlling operation of the relay 511 connected thereto. 

As shown in Figures 19 and 20, the casing 540 of the override/bypass switch 510 is provided 
with a series of labels 542, 544, 546 which coordinate with a slot 548 in the key connector 512 to 
indicate the operating condition of the relay 511. In particular, and as mentioned above, the labels 

10 indicate that the relay 511 is either operating in AUTO, NORMAL OR ENERGIZED modes. 

With reference to the schematic shown in Figure 21, the present override/bypass switch 510 
is utilized in conjunction with a relay block 566 as described above. The relay block 566 is a 
normally closed relay block, although a normally open relay block may be utilized without departing 
from the spirit of the invention. The key connector 512 works by shorting the relay terminals 536, 

15 538 to the relay block 566 (in AUTO mode) or by shorting the relay terminals 536, 538 to each other 
(in NORMAL or ENERGIZED). For instances, when one wishes the relay 511 to operate in it 
automatic mode, that is, as discussed above under the control of the control/sensing circuitry 18, the 
key connector 512 is positioned in a central position. This connects normally closed contact 518 to 
the first relay block contact 520 and the second relay block contact 522 to normally open contact 

20 524 in a manner allowing the relay 5 1 1 to operate in a traditional manner under the control of the 
control/sensing circuitry 18.Where one wishes the switching circuit to operate in "normal" mode, 
that is, with the relay 566 locked for non-conducting, the normal closed contact 518 is shorted to the 
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first common contact 516, the first relay block contact 520 is connected to the second relay block 
contact 522, and the normally open contact 524 is not connected. Similarly, where one wishes to 
operate in "energized" mode (with the relay locked for conducting), that is, with the relay 511 locked 
for conducting, the normally open contact 524 is shorted to the common contact 526, the first relay 
5 block contact 520 is connected to the second relay block contact 522, and the normally closed 
contact 518 is not connected. 

Operation of the override/bypass in its various modes is shown in greater detail in Figures 
22, 23, 24 and 25. These figures show the override/bypass switch 510 connected to a block diagram 
depicting a single pole double through relay block 566'. In accordance with a preferred embodiment 

10 of the present invention, one could consider the relay block 566' to be replaced with any of the relay 
blocks described above. 

Referring to Figure 22, the override/bypass switch 510 is disclosed in its AUTO mode with 
the key connector 512 in its center position. In this configuration, the NC terminal 536 and the NO 
terminal 538 are respectively connected to the relay block 566', and the relay block 566' operates in 

1 5 the manner described above to control the flow of electricity between the NC terminal 536, the NO 
terminal 538 and the common terminal 534. 

Referring to Figure 23, the override/ bypass switch 510 is in its NORMAL mode with the 
key connector 512 shifted to the left. In its NORMAL mode the key connector 512 shorts the 
connection between the NC terminal 536 and the common terminal 534. The NO terminal 538 is 

20 unconnected such that the relay 511 operates in its "normal" configuration, that is, it functions as if 
the open contact 546 of the relay block 566' is open and the closed contact 548 of the relay block 
566' is closed with relation to the common contact 550. 



Referring to Figure 24, the override/bypass switch 510 is in its ENERGIZED mode with 
the key connector 512 shifted to the right. In its ENERGIZED mode the key connector 512 shorts 
the connection between the NO terminal 538 and the common terminal 534. The NC terminal 536 
is unconnected such that the relay block 566' operates in its "energized" configuration, that is, it 
5 functions as if the closed contact 548 of the relay block 566' is open and the open contact 546 of the 
relay block 566' is closed with relation to the common contact 550. 

Finally, and with reference to Figure 25, the override/bypass switch 510 is in its safe mode 
with the key connector 512 fully removed from contact with the receptacle connector 514. In the 
safe mode all of the terminals of the relay 511 are safely disconnected. By simply removing the key 
10 connector 512, the system is shut down (power and load are removed) in case of an emergency or 
for maintenance. It should also be noted that the NC and NO contacts may be safely tested in this 
mode. 

As shown in Figure 20, the override/ bypass switch 510 may be provided with a series of 
connections for simultaneously controlling the operation of multiple relays 511 . As such, the 

15 override/bypass switch 510 further includes a second and third sets of contacts 516', 518', 520', 
522', 524', 526', 516", 518", 520", 522", 524", 526" within the receptacle connector 514. The 
second and thirds sets of contacts 516', 518', 520', 522', 524', 526', 516", 518", 520", 522", 524", 
526" each includes first and second common contacts 516', 516", 526', 526" connecting to a 
common terminal 534', 534", first and second relay block contacts 520', 520", 522', 522" connecting 

20 to the relay, a normally closed contact 518', 518" coupled to a normally closed terminal 536', 536" 
and a normally open contact 524', 524" coupled to a normally open terminal 538', 538". As with the 
first set of contacts described above, the key connector 512 is selectively positioned within the 
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receptacle for contacting the second and third sets of contacts 516', 518', 520', 522', 524', 526', 
516", 518", 520", 522", 524", 526"to place the relay in an automatic mode, a normal mode or an 
energized mode. 

Although only three sets are shown, those skilled in the art will understand that more or 
5 less sets of the connectors may be provided for the key without departing from the spirit of the 
present invention. 

With reference to Figures 26 and 27, and further to the embodiment disclosed with 
reference to Figures 2a and 3a, an alternate MOSFET switching circuit 610 is disclosed. In contrast 
to the previously discussed switching circuits which utilize three or four MOSFETs under the 

10 control of a dual transformer system to control the opened or closed status of the switching circuit, 
the embodiment disclosed with reference to Figures 26 and 27 merely utilizes three MOSFETs Ql, 
Q2, Q3 controlled by a single transformer arrangement 614 in a configuration providing for 
improved performance. In general, the switching circuit 610 employs a depletion mode MOSFET 
Ql in combination with first and second power MOSFETs Q2, Q3 to improve upon the operating 

1 5 efficiency of the switching circuit 610. 

This switching circuit 610 offers design efficiency as the component requirements are greatly 
reduced when the power MOSFETs Q2, Q3 are source connected. Briefly, the switching circuit 610 
employs a depletion mode MOSFET Ql between the gates and source of first and second power 
MOSFETs Q2, Q3. By connecting the depletion mode MOSFET Ql between the power 

20 MOSFETs Q2, Q3 in this manner, the power MOSFETs Q2, Q3 are forced to remain safely turned 
off (non-conducting) until such a time that power is applied via the oscillator circuit 612 as described 
below with reference to Figure 27. 
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As with the switching circuits described above, opening and closing of the switching circuit 
610 is controlled by a specific transformer arrangement 614 employing an oscillator circuit 612. As 
with the prior embodiments, the transformer arrangement 614 controls the MOSFET switching 
circuit 610 employed in accordance with a preferred embodiment of the present invention. In order 
to maintain the unique voltage relationships required by the MOSFET switching circuit 610 
described above, the voltage source must be isolated from all other voltages. In accordance with a 
preferred embodiment of the present invention, a single transformer arrangement 614 (prior 
embodiments employed dual transformers) is utilized in applying the required isolated voltages to 
the MOSFET switching circuit 610. That is, transformer coupled power is utilized to provide the 
isolated voltages required in operating the MOSFET switching circuit 610 described above. Other 
similar isolated power sources may also be used without departing from the spirit of the present 
invention. 

Figure 27 discloses a preferred transformer arrangement 614 for powering the MOSFET 
switching circuit 610 depicted in Figure 26. As shown in Figure 27, the transformer arrangement 
614 includes a primary winding 616 powered by an oscillator (or driving) circuit 612. The primary 
winding 616 is connected to a first secondary winding 618 and a second secondary winding 620. 
Each of the first and second secondary windings 618, 620 are connected to a full bridge rectifier 
622, 624 with capacitors 626, 628 and resistors 630, 632 associated with the rectifier outputs. The 
application of the capacitors 626, 628 to the present transformer arrangement 614 adds stability to 
the power MOSFETs Q2, Q3 and helps limit problems associated with parasitic charges. Operation 
of the present transformer arrangement 614 is enhanced by the provision of respective resistors 630, 
632 between the first and second rectifiers 622, 624 and their respective capacitors 626, 628. The 
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provision of a resistor between the first and second rectifiers enhances operation by limiting current 
flow while first and second power MOSFETs Q2, Q3 are turning off. Because the power 
MOSFETs Q2, Q3 only require power while switching (enough current to charge or discharge the 
gates), the power delivered by the transformer arrangement can be small. For example, the inventor 
5 has used a 5V CMOS circuit as a driver for the transformers. This minimal current requirement 
makes electronic relay design even more power efficient. 

These rectified outputs of the transformer arrangement 614 are labeled with reference to 
their relationship to the gates and sources of MOSFETs Ql, Q2 and Q3. When an AC source is 
applied to the transformer arrangement 614, positive voltage is quickly produced on each gate 

10 relative to its source. As mentioned above, the transformer arrangement 614 also includes 

capacitors 630, 632 which add stability to the power MOSFETs Q2 and Q3 and help limit the 
problems associated with parasitic charges. 

Transformer coupled power is utilized in accordance with a preferred embodiment of the 
present invention as transformer coupling reacts relatively rapidly and is also relatively efficient. 

1 5 Also, transformer coupling allows for the grouping of functions while maintaining proper isolation. 
Transformer couplings can easily provide 1500V of isolation while quickly and efficiendy coupling 
power so that no storage device is needed. In fact, the use of isolated power sources in accordance 
with the present invention, allows for response time in the range of nanoseconds. It is contemplated 
that the ability of the present circuits to offer fast switching makes them highly appropriate for use 

20 in the manufacture of electronic circuit breakers. 

In operation, the switching circuit 610 operates in the following manner. When power is 
applied to the oscillator circuit 612, a negative voltage is produced at node A2 (due to the rectified 
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output of the second secondary winding 620 of the transformer arrangement 614) and applied to the 
gate of depletion mode MOSFET Ql. This forces the depletion mode MOSFET Ql into "pinch- 
off" so that the depletion mode MOSFET Ql no longer conducts. When the depletion mode 
MOSFET Ql ceases conduction, positive voltage produced at node A3 (due to the rectified output 
5 of the first secondary transformer 618) is allowed to pass through resistor 634 charging the gates of 
the first and second power MOSFETs Q2, Q3 and forcing the first and second power MOSFETs 
Q2, Q3 into conduction mode (that is, the relay is on). Resistor 634 is sized to prohibit the low 
resistance of the depletion mode MOSFET Ql from saturating the transformer arrangement 614. 
Without resistor 634, the transformer arrangement 614 is not able to overcome the low resistance of 

10 the depletion mode MOSFET Ql. 

When power is removed from the oscillator circuit 612, resistor 636 quickly dissipates the 
charge on the gate of depletion mode MOSFET Ql, so that depletion mode MOSFET Ql rapidly 
begins conducting and eliminates the charge form the gates of the first and second power 
MOSFETs Q2, Q3. Resistor 636 is sized to provide minimal load to the transformer arrangement 

15 614 but to allow timely discharge of the gate voltage of the depletion mode MOSFET Ql. Because 
the gate capacitance of the depletion mode MOSFET Ql is relatively small, a high value resistor can 
allow for timely discharge without placing much load on the transformer arrangement 614. 
Capacitors 638, 640 add stability to the system by altering the amount of charge that produces 
significant voltage. Because of its isolation and relationship to the gate of depletion mode MOSFET 

20 Ql, power capacitor 636 may be very small or nonexistent. Capacitor 640 serves to eliminate the 
effect of charges coupled from an AC power source at the terminals when the power MOSFETs 
Q2, Q3 are conducting or non-conducting. 
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The present switching circuit 610 ensures that the power MOSFETs Q2, Q3 are very 
efficiently held in the OFF state for safety and control. In addition, the present switching circuit 610 
offers simplicity by using less transformers and other components than using an N- channel 
MOSFET to discharge the gates of the power MOSFETs. The switching circuit 610 provides for 
5 power efficiency, less transformers means less power required, and improved voltage isolation (like 
the other circuits described). In addition, this circuit 610 maybe used stand alone or as the 
switching block component of the "T" circuit and modified "T" circuit discussed in the other parts 
of this patent application. This circuit 610 maybe powered by the parasitic power described in 
other parts of this patent application to provide either a normally open or normally closed switch as 

1 0 previously described. 

It is further contemplated that the depletion mode MOSFET Ql may be replaced with a 
small signal N- channel MOSFET (enhancement mode) or placed in parallel with a small signal N- 
channel MOSFET to improve turn-off time. When using an N-channel MOSFET, the N- Channel 
gate is driven by a transformer that is powered by an oscillator that is operating when the oscillator 

1 5 for the depletion mode and power MOSFET is off, and vice versa. 

Such an embodiment is disclosed with reference to Figures 28 and 29. When an 
enhancement mode MOSFET Q4 and a depletion mode MOSFET Q3 are used together, the 
second transformer 712 driving the enhancement mode MOSFET Q4 does not have to run 
continuously when the system 710 is in the OFF state (that is, first and second power MOSFETs 

20 Ql, Q2 not conducting). The second transformer 712 that drives the enhancement mode 

MOSFET Q4 in this configuration only has to pulse momentarily to allow the voltage on the gates 
of the first and second power MOSFETs Ql, Q2 to be dissipated. Once the first and second power 
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MOSFETs Ql, Q2 are turned off, the depletion mode MOSFET Q3 keeps them turned off due to 
the fact that it has a low resistance across its drain to source nodes when first transformer 714 is no 
longer driving a positive voltage to the gates of the first and second power MOSFETs Ql, Q2, or a 
negative voltage to the gate of the depletion mode MOSFET Q3. Resistors and other passives have 
been left out of the schematics for sake of clarity, although those skilled in the art will certainly 
appreciate the additional components which might be added based upon the preceding disclosure. 

The advantage of the system disclosed with reference to Figures 28 and 29 is that this system 
can turn off much faster. The system employs an enhancement mode MOSFET Q4 with its own 
transformer system to turn off the first and second power MOSFETs Ql, Q2. This forces the 
system to turn off (first and second power MOSFETs Ql and Q2 cease conducting) much faster 
than the system utilizing a depletion mode MOSFET (see Figures 26 and 27). The system with a 
depletion mode MOSFET between the gates and sources of the power MOSFETs Ql, Q2 (shown 
with reference to Figures 26 and 27) uses less power in the off state and is safer when no power is 
applied (because the naturally low resistance of depletion mode MOSFET is applied between the 
gates and sources of the power MOSFETs). The combined circuit disclosed with reference to 
Figures 28 and 29 captures the benefits of both systems. Extremely fast switching times, lower 
power requirements and, inherendy safer (better "Off-state" characteristics). 

While the preferred embodiments have been shown and described, it will be understood that 
there is no intent to limit the invention by such disclosure, but rather, it is intended to cover all 
modifications and alternate constructions falling within the spirit and scope of the invention as 
defined in the appended claims. 
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